Abstract. The Arctic winter 2015/16 was characterized by cold stratospheric temperatures. Here we present a comprehensive view of the temporal evolution of chlorine in the lowermost stratosphere (LMS) over the course of this winter. We utilize two-dimensional vertical cross sections of ozone (O 3 ) and chlorine nitrate (ClONO 2 ), measured by the airborne limb-imager GLORIA (Gimballed Limb Observer for Radiance Imaging of the Atmosphere) during the POLSTRACC/ GW-LCYCLE II/ GWEX/ SALSA campaigns, to investigate in detail the tropopause region. Observations from three long-distance flights in Jan- 
2015/16 a simulation nudged to the dynamics of the ECMWF operational analyses has been initialized 1 July 2015. This model run was performed with a T106L90MA resolution with a spherical truncation of T106 (which corresponds to a horizontal resolution of approximately 1.125
• ×1.125
• (latitude × longitude)) and 90 vertical hybrid pressure levels from the surface up to 0.01 hPa (approx. 80 km). The vertical resolution in the UTLS is about 0.5 km. A comprehensive chemistry set-up with gasphase and also heterogeneous reactions on PSCs was included using rate constants mainly from the Jet Propulsion Laboratory
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(JPL, Sander et al., 2011) . A detailed description of this model simulation is given by Khosrawi et al. (2017) .
Meteorological analyses and vortex boundary estimation 2.4.1 MERRA2 meteorological reanalysis
The Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA2) is the standard meteorological reanalysis data set of the NASA Global Modeling and Assimilation Office (Gelaro et al., 2017) . Global fields of tempera-10 ture, pressure, potential temperature, and potential vorticity at 0.625
• (longitude × latitude) horizontal resolution and 83 vertical levels are used in this study. Note that both atmospheric models used in this study, CLaMS and EMAC, apply meteorological data from ECMWF rather than MERRA2.
Vortex boundary estimation
The definition of the edge of the polar vortex in the UTLS region is challenging, especially at lower altitudes (Gettelman et al., 15 2011; Lawrence et al., 2018) . In this study, it was decided to use two vortex filters: The first filter calculates the PV determining the edge of the polar vortex according to Nash et al. (1996) . The polar vortex at 370 K potential temperature (θ) is shown on maps in order to illustrate its position. The second filter uses scaled potential vorticity (sPV), which is the PV divided by the factor ∂θ/∂p (where p denotes the pressure), to exclude the altitude dependency from the PV (Dunkerton and Delisi, 1986; Manney et al., 1994) . The MERRA2 sPV is linearly interpolated onto the measurement geolocations, and measurements with 
Time series
Time series of MERRA2 temperature and MLS and ACE-FTS trace gas data are used to provide context for the aircraft based measurements. These time series are created by averaging all reanalysis temperatures and all measured trace gas profiles (data are vortex filtered according to the sPV criterion defined in Sec. 2.4.2) linearly interpolated to levels of potential temperature for each day within the polar cap (latitudes > 55 2010/11 (cyan) are also highlighted. These winters are known for extremely low stratospheric temperatures and have been discussed in detail previously (e.g., Santee et al., 2008b; Manney et al., 2011) .
In 2015/16, MERRA2 temperatures at 380 K were near or below the climatological minima through mid-January (Fig. 2a) . in March values consistently below 3 ppbv are measured. Methyl chloride (CH 3 Cl), a largely biogenic trace gas that is well mixed in the troposphere and photolyzed in the stratosphere, is a useful tracer of diabatic descent within the polar vortex. The time series of CH 3 Cl is illustrated in Fig. 2g : The typically slow decrease of CH 3 Cl due to diabatic descent is visible in the average VMR, which slowly decreases. During 2015/16, CH 3 Cl followed a more or less climatological evolution until the beginning of March, when VMRs dropped rapidly and became highly variable with the onset of the major final warming. year in the Aura/MLS record. The unusually strong chlorine activation at this level is also evident in the ClONO 2 abundances measured by ACE-FTS, which lie below the climatological mean in January 2016. Substantial chlorine activation in the Arctic LMS has rarely been reported previously (e.g., Santee et al., 2011 -490 K is illustrated in Fig. 3 . Fig. 3a presents daily PSC area time series until the end of January 2016, when instrumental problems forced CALIOP to suspend measurements. The data product shown does not discriminate between cirrus clouds and PSCs in the UTLS region. Chlorine activation is also possible on cirrus clouds (e.g., Borrmann et al., 1996) , and thus 5 this panel indicates the area of potential heterogeneous chlorine activation. These areas increase considerably at 490 K at the end of December 2015 and were also observed at potential temperatures as low as 380 K in the beginning of January 2016.
The CLaMS simulation reveals the same temporal and spatial distribution of PSCs as measured by CALIOP, but with slightly larger maximum PSC areas simulated than measured. For the rest of the winter (after CALIOP stopped measurements), CLaMS shows a rapid decrease of PSC area until the beginning of February and a short period with a small area of PSC occurrences 10 at the end of February. ClONO 2 (Fig. 3b ) displays enhancements of > 1000 pptv at altitudes θ > 380 K in March in the simulation and measurements. In the ACE-FTS measurements, these enhancements are also visible starting from the middle of February, whereas the CLaMS simulation indicates weaker maxima of 500 pptv at that time. A direct comparison of these plots is difficult due to the sparse sampling of the ACE-FTS measurements. HCl ( 
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For a more quantitative comparison, cuts along θ = 380 K and θ = 490 K are presented in Fig. 4 . The lower altitude curves are provided as an extension of Fig. 2 to give context to the aircraft measurements in the following sections. The slice at θ = 490 K is meant as a connection to previous discussions of this winter (Manney and Lawrence, 2016) and to compare to other extreme winters discussed at this altitude level (Santee et al., 2008b; Manney et al., 2011) . In addition, showing both levels illuminates the differences between the LMS and the bulk of the stratosphere above. The chlorine species (Fig. 4a-b) , HNO 3
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(4c-d, left axis), and O 3 (4c-d, right axis) show in detail the overall agreement and specific differences between measurement and simulation, which have already been described for In general, CLaMS succeeds in reproducing chlorine deactivation of the Arctic winter 2015/16, which has been identified to be unusual by the comparison to time series of other years in the MLS record: The deactivation of chlorine in the Arctic LMS typically starts with a decrease of ClO and an increase of ClONO 2 , followed by a slow increase of HCl until the equilibrium between the reservoirs is reestablished (Solomon, 1999 of the winter at 380 K, but starting in January measured CH 3 Cl decreases notably, while the simulated CH 3 Cl remains almost constant. These differences indicate that diabatic descent is too weak in the model at 380 K. At 490 K, the persistent 50 pptv model-measurement discrepancy suggests that the CH 3 Cl VMRs used to initialize the simulation (see Sec. 2.3.1) were too low, which does not allow for further conclusions at this altitude level.
Aircraft measurements
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In addition to the overview of the Arctic winter 2015/16 chemical composition of the LMS using satellite observations, the airborne GLORIA measurements of O 3 and ClONO 2 aim to give detailed insights of the lowermost part of the polar vortex.
Out of 14 scientific flights, 3 flights with particularly interesting trace gas distributions at different stages of the winter are discussed in this section. Measurements from other flights are provided in the supplement of Johansson et al. (2018) . In addition, for time periods used for calibration measurements, refuel stops (only on flight PGS21), and different measurement modes (only on flight PGS21) no retrieval results are available.
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The measured O 3 concentrations reveal enhanced values up to 1200 ppbv at way point "C" at potential temperatures of 370 K. Below this maximum, small-scale structures of ∼800 ppbv are visible. Ozone values are low in tropospheric air masses over Italy (near way points "A" and "B"), but during the rest of the flight for the most part VMRs of ≈500 ppbv are observed 
Flight on 26 February 2016 (PGS14)
In the middle of the Arctic winter on 26 February 2016, flight PGS14 was realized as shown in Fig. 6a . From the campaign base in Kiruna, the flight headed towards the northern part of Greenland (way point "A"), continued until Baffin Bay (way point "B"), and turned at way point "C" to change direction towards Kiruna. At a typical flight altitude of 13 km, the substantially subsided air masses are evident in the higher potential temperatures characterizing the portion of the flight track near way point 10 "B". The vortex criterion of Nash et al. (1996) at θ = 370 K also shows that most of the flight path was within the polar vortex.
The cross sections of O 3 (Fig. 6b ) and ClONO 2 (Fig. 6c) are presented in the same manner as for flight PGS06. Between way points "A" and "B", maximum O 3 values of 1600 ppbv are measured at θ = 390 K, and below small-scale structures are visible at θ = 340 K (in the vicinity of way point "C"). ClONO 2 developed a local maximum of 600 pptv below flight altitude at θ = 360 K around way points "A" and "B". The maximum that becomes visible just before way point "A" is discontinuous, reforming at slightly lower altitudes along the flight path (diagonal local minimum feature in Fig. 6c ).
Flight on 18 March 2016 (PGS21)
The flight path of the late winter flight on 18 March 2016 (PGS21) is shown in Fig. 7a on a map with MERRA2 potential temperature at the typical flight altitude of 13 km. This flight started at the campaign base in Oberpfaffenhofen and headed 5 towards Denmark (way point "A"), where the GLORIA measurement mode was changed to the "chemistry mode". Then the flight course followed the Baltic sea northeastwards until it reached remains of the late winter polar vortex at way point "B".
Inside this region of high potential temperatures, the HALO aircraft continued northward until a refueling stop in Kiruna (shortly after way point "C"). On its way back to Oberpfaffenhofen, HALO took a similar flight path over the Baltic sea until the measurement mode of GLORIA was changed (way point "D"). measured at θ = 380 K altitude. ClONO 2 as high as 500 pptv is measured at altitudes as low as θ = 350 K. Between way points "B" and "C", where consistently high O 3 VMR is observed at θ = 370 K, strong horizontal fluctuations in ClONO 2 are visible.
These filaments in ClONO 2 are likely to be connected to the availability of NO 2 . Structures of HNO 3 (which is photolyzed to NO 2 ) and ClONO 2 in the collocated GLORIA measurements reveal similar shapes (see Johansson et al., 2018, supplement) .
Comparison of aircraft measurements to model simulations 5
The CLaMS results have been compared to various observations of Arctic winters, which led to important improvements of this model (e.g., Grooß et al., 2014 Grooß et al., , 2018 Tritscher et al., 2018) . Also for the EMAC model, comparisons with different observations of Arctic winters have been performed (e.g., Khosrawi et al., 2017 Khosrawi et al., , 2018 . Still, those previous comparisons focus on the stratosphere and comparisons in the LMS are only marginally discussed. Complex dynamical situations, which may occur in the LMS, are challenging for atmospheric modeling. Thus, comparisons in this altitude region are beneficial to 10 benchmark the performance of these models.
The GLORIA cross sections of O 3 and ClONO 2 are compared to the CLaMS and EMAC model results in Figs. 8 and 9.
CLaMS output has been interpolated to GLORIA geolocations as described in Sec. 2.3.1. The globally available EMAC data have been interpolated linearly to the GLORIA tangent point geolocations. ECMWF operational analysis pressure, linearly interpolated to the GLORIA tangent point geolocations, is used to assign the EMAC model vertical levels (provided on pressure 15 levels) to the GLORIA retrieval altitudes of the measurements. EMAC model output was provided every five hours.
For O 3 on flight PGS06 (Fig. 8a,d,g ), the low tropospheric VMR values that can be found above Italy (9:00 -11:00 UTC) error of the instrument. A local minimum of O 3 observed at flight altitude after 13:00 UTC is not present in CLaMS or EMAC, but is suspected to be influenced by a slight degradation of the GLORIA measurements due to PSCs (see in-situ comparisons in Johansson et al., 2018, supplement) . The comparison with EMAC shows that the overall structure of measured O 3 (low values above northern Italy, enhanced values over northern Europe) is reproduced by the model, but maximum values at 12:00 UTC are lower in the model (700 ppbv) compared to the measurement (1400 ppbv).
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For PGS14 (Fig. 8b,e,h ), the measured distribution of O 3 over the course of the flight is well reproduced by CLaMS, and also fine structures (e.g. at 18:00 UTC) are clearly visible in both data sets. For the enhanced O 3 VMRs in the middle of the flight (15:00-17:00 UTC), the absolute values are measured to be higher but agree within their total estimated errors with CLaMS. In this region, structures are also visible in the model data that are less pronounced in the measurements. At θ = 300-350 K altitude, higher VMRs are visible in the model data compared to the GLORIA observations. The O 3 VMR values 10 simulated by EMAC reproduce the overall measured vertical structure, although finer features in the trace gas distributions are not visible due to the horizontal resolution of EMAC (≈125 km) compared to GLORIA (along-track sampling ≈3 km, horizontal resolution along viewing direction several 10 -100 km, see also Woiwode et al. (2018)).
During the late winter PGS21 flight (Fig. 8c,f,i altitude. Here again finer structures are visible in the CLaMS data, and higher absolute VMRs (>1600 ppbv) are measured than modeled (1100 ppbv) at 400 K, with the difference between them comparable to the total estimated error of the GLORIA data. The EMAC simulation of this flight shows maximum values of O 3 (up to 1500 ppbv) that are marginally higher than those from CLaMS and closer to those measured by GLORIA. Again EMAC largely succeeds in reproducing the measured two dimensional trace gas distribution, but with less detail in the small-scale structures than measured by GLORIA (see also Khosrawi et al., 2017).
ClONO 2 on flight PGS06 shows the same maximum of 250 pptv at θ = 370 K altitude (12:00 UTC) for CLaMS as for GLORIA (see Fig. 9a,d ). Two-dimensional structures with weak ClONO 2 enhancements are found at lower altitudes and show slightly different patterns in the two data sets. In EMAC, the simulated enhancement of ClONO 2 is barely visible with the color bar used, but is < 100 pptv, smaller than that measured (Fig. 9a,g ).
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For flight PGS14, again the ClONO 2 small scale structures of GLORIA and CLaMS generally agree (see Fig. 9b 
CLaMS investigations of chemical evolution
The measurements presented in Sec. 3 revealed unusual chlorine deactivation in the satellite time series and interesting mesoscale structures with unusually high ClONO 2 VMRs for the Arctic in the GLORIA measurements. We have shown that CLaMS successfully reproduces structures in the LMS measured by MLS and GLORIA. For this reason, these validated model simulations are applied to examine the influence of ozone depletion and PSC sedimentation on chlorine deactivation. In 5 the second part of this section, the origin of measured ClONO 2 in the LMS is investigated.
Influence of ozone depletion and denitrification on chlorine deactivation
NO y and O 3 abundances are known to have a major influence on chlorine deactivation pathways, and those abundances are strongly affected by denitrification and ozone loss, respectively. In Sec. 3.1, the partitioning of chlorine reservoirs in 2016 was identified to be unusual for an Arctic winter, and therefore CLaMS sensitivity simulations have been performed to understand between 330 K and 600 K (Fig. 10c) . These difference time series show that ozone depletion starts in the beginning of January and reaches its maximum in the middle of March. The largest ozone depletion is simulated at 490 K, with maximum VMR differences of 1.75 ppmv. The influence of ozone depletion on HCl and ClONO 2 is illustrated in Fig. 10e ,g as differences between the reference and the sensitivity simulation without ozone depletion. Negative differences (shades of blue) indicate how much the chlorine reservoir is diminished due to the effect of ozone depletion, while positive differences (shades of red) 20 show enhancements due to this effect. HCl exhibits a positive response to ozone depletion, and starting from the beginning of March, more than 500 pptv additional chlorine is deactivated into HCl under ozone-depleted conditions. At the same time, ClONO 2 is reduced by more than 500 pptv due to ozone depletion. These differences for both reservoir gases peak at altitudes of 440 K towards the end of March. Interestingly, this peak altitude is lower than the altitude of greatest ozone loss (490 K).
For the sensitivity run without PSC sedimentation, a CLaMS simulation was performed without the sedimentation module 25 (see Sec. 2.3.1). Differences in NO y between the reference and the sensitivity simulation are presented in Fig. 10b,d as time series at 380 K and 490 K and as cross sections. Nitrification up to 4 ppbv is seen at 380 K in early winter and later at lower altitudes, while denitrification is largest (up to 10 ppbv) at 490 K in the middle of January. The effect on HCl and ClONO 2 (Fig. 10f,h ) shows an enhancement of HCl, which reaches its maximum (500 pptv) in the middle of February, and a decrease in ClONO 2 , which reaches its extreme (> 500 pptv) in the beginning of March. A weak opposite effect is observed at lower Please note that these time series, in contrast to others in this figure, start in January.
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Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1227 Manuscript under review for journal Atmos. Chem. Phys. The sensitivity simulations by CLaMS help to quantify the effect of ozone depletion and PSC sedimentation on the observed unusual chlorine deactivation in 2016. The sensitivity simulation without ozone depletion showed that at 380 K, low ozone abundances (< 1.0 ppmv) caused 200 pptv of chlorine to be deactivated into HCl instead of ClONO 2 . These ozone abundances are not as low (< 0.5 ppmv) as those found in previous studies (Prather and Jaffe, 1990; Douglass et al., 1995; Grooß et al., 1997 Grooß et al., , 2005 Mickley et al., 1997) , but as demonstrated by Douglass and Kawa (1999) , even higher ozone abundances than the same magnitude. This is because O 3 abundances influence the partitioning of Cl and ClO, which directly determines whether chlorine is deactivated into HCl or ClONO 2 (Douglass and Kawa, 1999). For the sensitivity to PSC sedimentation, this symmetry between the differences in the chlorine reservoirs is not observed. Without PSC sedimentation, the chlorine activation is already changed by the end of January, while PSCs are present and chlorine activation is still possible. During this time, in the absence of denitrification, more ClONO 2 is produced due to the greater availability of NO y , assuming that 5 there is sufficient sunlight in the vortex to photolyze HNO 3 to produce NO 2 . Together with available HCl, this regenerated ClONO 2 is then activated on PSCs, which results in net chlorine activation. In March, chlorine is deactivated into ClONO 2 to a considerably larger extent, again due to the greater availability of NO y . The impact over different altitude ranges of the two sensitivity simulations implies that the observed unusually strong chlorine deactivation into HCl at 380 K (see Sec. 3.1) was predominantly driven by low O 3 . At 490 K, where denitrification was much stronger than at 380 K, it was mainly the low NO y 10 that shifted chlorine deactivation towards HCl, while the low O 3 abundances only played a minor role. 
Origin of ClONO 2 measured by GLORIA
In order to investigate the temporal evolution of the chemical composition at geolocations measured by GLORIA, CLaMS is used to calculate 11-day backward trajectories from these measurement geolocations. Then the model variables from the global model run are interpolated to these geolocations 11 days before the measurement, and CLaMS performs its Lagrangian 20 simulation along the trajectory leading to the measurement. Along this trajectory, variables are saved at a temporal resolution of one hour. Because the chemical composition is simulated only along the trajectories, mixing was not considered for this simulation. As discussed by Konopka et al. (2003) , mixing is regarded to have a weak influence on chlorine deactivation. This explains differences in CLaMS ClONO 2 cross sections between Figs. 9 and 11. A similar approach to investigate chlorine activation along backward trajectories has been reported by Lelieveld et al. (1999) , but based on in-situ measurements of HCl
25
and with a focus on chlorine activation on cirrus clouds.
The cross sections at the trajectory ending points are shown in Fig. 11(a-d) for flight PGS14 for ClONO 2 and HCl as the reservoir gases and for ClO as one of the major active chlorine species at these altitudes. According to the validated ClONO 2 cross section, regions of interest are identified and marked: The local maximum of ClONO 2 at 16:00 UTC and θ = 360 K is marked with a magenta "star" symbol, another local maximum at 16:40 UTC and θ = 370 K is marked green and the last projected on a map in Fig. 11d . It can be seen that the majority of these air parcels stay confined within a well defined region which is expected to be the polar vortex.
For flight PGS21, results from this trajectory analysis are presented in the same manner (Fig. 11e-h ). Regions of interest are identified at different locations of enhanced ClONO 2 values at 12:10 UTC and θ = 380 K (red), 13:25 UTC and θ = 390 K (dark blue) and 15:20 UTC and θ = 380 K (light green). Trajectories in the vicinity of these points are selected as described 5 for flight PGS14. In the map projection of these trajectories (Fig. 11h) , it can be seen that these air masses have been confined above Greenland (red) or have been circulating above Siberia (dark blue, light green) until they migrated to Scandinavia, where they were measured. The tracks of these trajectories are consistent with the meteorological situation of an eroding polar vortex during the time of flight PGS21.
The temporal evolution along these selected trajectories is shown for both flights in Fig. 12 for (a) potential temperature, 
Flight on 26 February 2016 (PGS14)
Potential temperatures (Fig. 12a1) show persistent downwelling along all selected trajectories, and the SZA (Fig. 12b1) indi-
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cates long periods in darkness. These first two panels provide context for the temporal evolution of the chlorine species.
The magenta curves, which have been defined to end at the region with the highest ClONO 2 in the cross section, show persistently high VMRs for ClONO 2 between 250 and 500 pptv and HCl values around 375 pptv. These persistently high VMRs in the chlorine reservoir species indicate that chlorine deactivation mainly occurred prior to the end point of the 11-day back trajectory and that these deactivated air masses have been transported to the GLORIA measurement location. Both deactivated slightly more rapidly into ClONO 2 compared to the green curve. During the last three days of this trajectory, the green and the blue curves are almost identical for the chlorine reservoirs.
As an example of enhanced ClO values at the end of the trajectories, the cyan curves (which are at higher potential temperature altitudes of 385 K) show also a similar course compared to the green curves during the last five days before the measurement. In the beginning of the presented 11 days, the reservoir gases decrease earlier (16 February 2016) to low VMR 
Flight on 18 March 2016 (PGS21)
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In contrast to flight PGS14, sunlight is available along all selected trajectories of flight PGS21 on a daily basis, according to the SZA (Fig. 12b2) . Based on the potential temperature, continuous subsidence is observed for the red trajectory set, while for the light-green and dark-blue trajectories the air parcels are slightly uplifted until 13 March 2016 and then subside with a similar slope compared to the other trajectories. ClO x (Fig. 12e2) predominantly consists of ClO for all selected trajectories during that time of the year.
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The red set of trajectories was selected due to the enhanced ClONO 2 values at the measurement location. The history of this enhancement in ClONO 2 shows a slight overall decrease (from 760 pptv to 630 pptv) with decreasing and increasing features due to the diurnal cycle. HCl increases step-wise from 380 pptv to 500 pptv, and ClO x shows diurnal enhancements during the sunlit periods up to 60 pptv.
For the light-green air parcels, ClONO 2 slowly decreases from 900 to 750 pptv with fluctuations due to the diurnal cycle.
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HCl starts at 400 pptv and ends at 600 pptv by increasing in small steps. ClO shows a small diurnal cycle with maximum values up to 100 pptv.
The highest potential temperature trajectory end point for this flight is marked in dark blue. ClONO 2 increases from 670 to 870 pptv and then decreases again to 700 pptv with fluctuations due to the diurnal cycle. These dark-blue trajectories show the largest increase in HCl (from 450 pptv to 700 pptv). The diurnal cycle also dominates the evolution of ClO, with maximum For most of these selected trajectory sets it can be observed that the variability is smaller compared to the ones for PGS14, especially for chlorine species other than ClONO 2 . 
Discussion
According to chemical tracers along CLaMS backward trajectories, enhanced ClONO 2 measured by GLORIA on 26 February 2016 was mainly a result of chlorine deactivation within the last five days before the measurement. We also presented an example of air masses that had been deactivated prior to the end point of the 11-day back trajectory and then transported to the GLORIA measurement location. Our results also revealed substantial variability among trajectories initialized within a given For flight PGS21 in mid March, the ClONO 2 along the trajectories shows constantly high VMRs, modulated by the diurnal cycle. Since this flight took place well after the final warming (5-6 March; Manney and Lawrence, 2016) , there had been no recent PSC formation or chlorine activation, and almost all of the measured enhanced ClONO 2 had been produced by chlorine 10 deactivation that took place at least 11 days before the measurement. Changes in ClONO 2 , ClO x (which is nearly all ClO at this time) and HCl can be explained by the photolysis of ClONO 2 , which results in a diurnal cycle (Brasseur and Solomon, 2005) . This photolysis diminishes ClONO 2 and creates Cl (or a small fraction of ClO) during sunlit portions of the trajectories (Burkholder et al., 2015) . These products can either react in ozone loss cycles, during which the fractions of Cl and ClO may change (see Solomon, 1999) , or build chlorine reservoirs again: ClO reacts with NO 2 to ClONO 2 , while Cl reacts to HCl.
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Therefore not all of the ClONO 2 photolysis products ultimately go on to regenerate ClONO 2 . Thus, HCl increases in a stepwise fashion, while ClONO 2 decreases. As was demonstrated with CLaMS sensitivity simulations, preferential deactivation into HCl is caused by low O 3 abundances as a consequence of ozone depletion.
In summary, for the most part enhanced ClONO 2 measured in February had recently been (within the prior few days) deactivated in-situ in the LMS, while in March almost all of the measured enhanced ClONO 2 had been transported longer than 20 11 days.
Conclusions
This study analyzes chlorine activation and deactivation in the Arctic winter 2015/16 LMS by utilizing time series of satellite measurements, aircraft remote sensing measurements from GLORIA during the PGS campaigns and simulations by the atmo- and ClO.
The origin of observed enhanced ClONO 2 at selected points in the LMS is reconstructed with an analysis of the chemical Due to climate change, exceptionally cold winters are expected to occur more frequently in the future (Fels et al., 1980; Hartmann et al., 2014; WMO, 2015) , which may in particular impact ozone in the Arctic LMS. These expected changes in ozone and chlorine activation and deactivation processes emphasize the importance of regular observations of the chemical composition of the atmosphere, with a particular focus on the LMS. 
